The rod-shaped form of crystalline β-FeOOH (akaganeite) was prepared by the template-free hydrothermal method with urea as the homogeneous precipitant. X-ray diffraction, field-emission scanning electron microscope and Fourier transform infrared spectrum were used to characterize the resulting products. The degradation of methyl orange (MO) was studied using the prepared nanostructure materials in a photo-Fenton-like process. MO degradation was effectively achieved by hydroxyl radicals that were generated in the heterogeneous catalysis process. Specific surface area of the prepared β-FeOOH was an important factor affecting the efficiency of MO degradation, which depended on the synthesis conditions such as the reaction temperature, the initial concentration of urea and FeCl 3 ·6H 2 O as well as the n(urea)/n(Fe 3+ ) ratio. The photodegradation efficiencies slightly decreased with the increase of initial pH in the range of 4.5 -9.5, which indicated the prepared β-FeOOH catalyst can well overcome the drawback of a narrow pH range of homogeneous Fenton reaction. β-FeOOH catalysts loading and H 2 O 2 concentration also play important effect on the degradation efficiency of MO. The prepared β-FeOOH showed good ability of reuse for multiple trials.
Introduction
Azo dyes are widely used in industries such as textiles, foodstuffs and leather and about 15% of them end up in wastewaters [1] . Release of these colored wastewaters poses a serious threat to the environment. Decolorization treatment of azo dye effluents has therefore attracted a great deal of attention. Due to the aromatic character of most dye molecules and the stability of modern dyes, traditional physical and/or chemical methods for removal of these dyes are not efficient enough [2, 3] .
During the last two decades, photo-Fenton reactions have been the subject of numerous investigations as a kind of advanced oxidation processes (AOPs) [4] [5] [6] [7] . The reaction process involves in situ generation of highly reactive hydroxyl radicals (•OH), which can oxidize almost all the organic substrates owing to their high oxidation potential (E 0 = +2.80 V). The main disadvantage of homogeneous Fenton process is the fact that the homogeneous Fenton process is most efficient only in the narrow pH range of 2.5 -3. Below this pH, the hydroxyl radicals are scavenged by protons and the concentration of Fe(III)(OH) 2+ , representing the photo-active species. The hydroxyl radicals decline above this PH. The generation of undesirable iron-containing sludges, which creates disposal and other environmental problems [8, 9] , is another drawback of homogeneous Fenton process. To solve all these drawbacks, modified heterogeneous Fenton-based processes are of particular interests. In the heterogeneous catalysis processes, the Fe(III) species are immobilized within the structure of solid catalyst. Therefore, iron hydroxide precipitation is prevented and the catalyst enables operation at a wide range of pH with approximate efficiency as that in acidic solutions.
Akaganeite (β-FeOOH) has a tetragonal structure consisting of double chains of edge-shared octahedral that share corners with adjacent chains to form channels running parallel to the c-axis [10] . A certain number of extraframwork anions such as halide ions are necessary in the structure to balance the extra protonation of oxdide in the iron octahedral since akaganeite is synthesized in acidic solution. This tunnel structure makes β-FeOOH an especially interesting material as a promising photo-Fenton catalyst in the heterogeneous system [11, 12] .
In the present study, we presented a simple and environmentally friendly hydrothermal synthesis route to prepare uniform rod-shaped β-FeOOH nanostructures without adding any additives, and explore the catalytic activity of the prepared samples for the degradation of methyl orange (MO) in the presence of H 2 O 2 under UV irradiation. MO was chosen as the target pollutant in this paper because it is stable under ultraviolet (UV) light irradiation and a typical azo dye is widely used in the textile industry.
Materials and Methods

Preparation of Photocatalyst β-FeOOH
All chemicals used in this work were of analytical grade, purchased from Shanghai Chemical Reagent Co., Ltd. (China), and used without any further purification.
β-FeOOH nanostructure was typically synthesized as follows: 0.04 mol (10.8116 g) FeCl 3 ·6H 2 O and 0.04 mol (2.4000 g) urea were dissolved in 40.00 ml deionized water under permanent magnetic stirring for 30 minutes. Without adjusting the pH value, the mixed solution was transferred into a teflon-lined stainless steel autoclave. The sealed autoclave was maintained at 90˚C for 8 h, and then cooled to room temperature naturally. The resulting product was collected by centrifugation, washed several times with absolute ethanol and deionized water, and finally dried at 60˚C for 24 h.
Photodegradation Procedures
The photodegradation of MO was carried out in a XPA-7 photochemical reactor (Xujiang electromechanical plant, Nanjing, China). The temperature of reaction solutions was kept at 25 ± 2˚C by cooling water circulation. A 500 W medium Hg lamp was used as an irradiation source. The initial pH values of reaction solutions were adjusted to 4.5 with dilute sulfuric acid solution and sodium hydroxide solution. The initial concentration of MO and H 2 O 2 were 80 mg·L −1 and 500 mg·L . At given irradiation time intervals, a small quantity of solution was taken and centrifuged to separate the catalyst particles from the solution. The concentration of MO was determined by using a UV-vis spectrophotometer (Beijing Ruili Corp., UV-9100) at 464 nm. The degradation efficiency was calculated with the following formula:
where η D is the degradation efficiency of MO, C 0 and C t are the concentration of MO solution at initial time and after irradiated at t time, respectively.
Catalyst Characterization
The powder X-ray diffraction (XRD) patterns were recorded at a scanning rate of 4˚ min −1 in the 2θ range of 10 -80˚ using a Bruker D8 Advance instrument with Cu -Kα radiation (λ = 1.5406 Å) at room temperature. The morphologies and nanostructures of synthesized products were further observed using a Hitachi S-4800 fieldemission scanning electron microscope (FE-SEM) at the acceleration voltage 10 kV. Fourier transform infrared spectrum (FTIR) measurements were performed on a Bruker Vector 22 FT-IR spectrophotometer, with scanning from 4000 to 400 cm −1 using KBr pellets. The specific surface area of the prepared catalysts was determined by the N 2 adsorption isotherms obtained at −196˚C using a surface area analyzer JW-04 (Beijing Jingweibo Science and Technology Co., Ltd.). Each sample was degassed under vacuum for 2 h at 105˚C prior to the analysis.
Results and Discussion
Characterization of Synthesized Catalysts
Generally, the FeOOH catalysts were prepared by slowly dropping dilute alkali into Fe 3+ solution under vigorous stirring [10, [12] [13] [14] , which could not be easy to control purity and morphology of the end product. Here, urea was used as precipitant for Fe 3+ ions. Urea was hydrolyzed and OH − ions were released homogeneously into the reaction solution. The formation process of β-FeOOH can be described as follows [15] :
The mineral phase and its purity of the as-synthesized products were identified by XRD. Figure 1 presents the XRD patterns of the as-prepared products with different reaction temperature. All the diffraction peaks can be well indexed to pure tetragonal β-FeOOH phase structure (JCPDS card no. 34 -1266) with cell constants a = 10.535 Å and c = 3.03 Å (calculated by MDI JADE software). No other characteristic peaks were detected for impurities such as α-FeOOH, γ-FeOOH, and α-Fe 2 O 3 . All the strong and sharp diffraction peaks indicated the good crystallization of the as-synthesized samples. Figure 2 shows the FE-SEM images of β-FeOOH obtained at different reaction temperature. All samples ex- hibit rod-like shape. The sample, synthesized at 70˚C, presented average diameter of about 70 nm and length of about 400 nm (Figure 2(a) ). Both the average length and the diameter of the as-obtained nanorods increased with the increase of reaction temperature. When the sample was synthesized at 90˚C, nanorods with average diameter of about 83 nm and length of about 880 nm were formed as shown in Figure 2 (b). Furthermore, it is found in Figure 2 (c) that the FE-SEM image of the sample prepared at 110˚C was with average diameter of about 120 nm and length of about 2.3 μm. However, as shown in Figure 2 , the distributions of the particle sizes of 110˚C synthesized samples are not as homogeneous as those synthesized at 90˚C and 70˚C.
Photodegradation of MO by β-FeOOH/H 2 O 2 with or without UV Irradiation
The degradation efficiency of MO with irradiation time under different conditions is illustrated in Figure 3 . Negligible degradation of MO was observed over 60 minutes of irradiation in the absence of β-FeOOH and H 2 O 2 (Figure 3(a) ), which showed the stability of MO molecular only under UV light irradiation. After adding β-FeOOH to MO solution, the MO reduction of about 37% occurred under UV irradiation for 60 minutes (Figure 3(b) ), which might be attributed to the adsorption of MO by the catalyst. However, in the β-FeOOH/H 2 O 2 suspension without UV irradiation, the degradation efficiency of MO was increased to about 90% after 60 minutes (Figure 3(c) ). Furthermore, MO was degraded almost completely in the presence of β-FeOOH and H 2 O 2 under UV light irradiation (Figure 3(d) ). Obviously, UV radiation can accelerate the heterogeneous Fenton reaction owing to the enhancement of •OH production with comparison to that in the dark. In the light of above results, it is presumed that both β-FeOOH and H 2 O 2 are prerequisite for the heterogeneous Fenton reaction. The β-FeOOH catalyst experiences an iron cycling occurred mostly on the catalyst surface, where the hydroxyl radicals are generated, without significant iron diffusion into the solution phase. The MO adsorbed on the surface of catalyst can be attacked by hydroxyl radicals and degraded into intermediate compounds and eventually mineralized into CO 2 and H 2 O. Therefore, the homogeneous photo-Fenton reaction in the bulk solution contributed little to the degradation of MO [5, 16] .
To verify the adsorption of MO, β-FeOOH was dipped into methyl orange solution for 0.5 h, then separated, rinsed with water and dried at 60˚C for 24 h. FTIR technique was applied to examine MO before and after the adsorption by β-FeOOH. Infrared analysis of β-FeOOH samples in the dark-Fenton process and in the photoFenton process were also conducted and shown in Figure 4 . In the infrared spectrum of β-FeOOH adsorbed with methyl orange (Figure 4(b) ), relative strength of the absorption peaks changed greatly compared with that of pure MO (Figure 4(a) ). The absorption peaks below 1604 cm −1 become much weaker in Figure 4(b) , which indicates that β-FeOOH has strong adsorption effect with MO and results in the change of electric cloud distribution within the MO molecules. In the infrared spectrum of β-FeOOH samples after the dark-Fenton process and the photo-Fenton process, the absorption peaks at wavelength 1628, 1392, 1132 and 1060 cm −1 were attributed to the O-H vibrations of absorbed H 2 O molecules or structural OH groups [15, 17] . The other absorption peaks at wavelength 844, 696 and 634 cm −1 were assigned to the Fe-O vibration modes in β-FeOOH [15, 18, 19] . No characteristic absorption peaks ascribed to the MO were observed in the both dark-Fenton process and photoFenton process, which implied that the MO degradation rate on the β-FeOOH surface was quite fast. The pseudofirst order reaction kinetics constants of the MO degradation were calculated to be 0.03224 min −1 (R 2 0.990) for the dark-Fenton process and 0.04267 min −1 (R 2 0.993) for the photo-Fenton process, respectively.
Effect of Initial pH on MO Photodegradation
The effects of initial pH on the removal of MO with β-FeOOH/H 2 O 2 under UV irradiation were determined with a pH range of 4.5 -9.5. As shown in Figure 5 , the MO photo-degradation process remained efficient at pH as high as pH 9.5 with degradation efficiency of 96.5% after UV irradiation for 60 minutes. As the initial pH decreased, the degradation efficiency of MO increased to 98.8% at pH 7.0 and 99.1% at pH 4.5. Many studies had reported that initial solution pH dramatically influence homogeneous Fenton reaction efficiency [5, 12, 16] . At neutral pH, the homogeneous photo-degradation efficiency can nearly be neglected because of iron precipitation. The results obtained in the present study indicate that the prepared β-FeOOH as heterogeneous catalyst can overcome the drawback of a narrow pH range of homogeneous Fenton reaction. The reason why the degradation efficiency of MO slightly decreased with the increase of pH could be explained by the different adsorption of organic compounds on catalyst surface. The adsorption of MO on β-FeOOH surface is the first and indispensable stage for its further decomposition into CO 2 and H 2 O. Iron oxides, whether they have a particular crystal structure or not, typically have point of zero charge (PZC) in the pH range of 7 -9 [16] . The acid/base property of the β-FeOOH surface hydroxyl groups can be changed with the conversion of pH PZC and pH (as shown in Equations (6) and (7)) [20, 21] . 2 
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, the time required to complete degradation of methyl orange declined from 90 minutes to 60 minutes. On increasing β-FeOOH loading to 400 mg·L −1 , MO had totally degraded after 80 minutes. Obviously, the degradation efficiency of MO is directly related to the level of catalysts loading. However, when catalyst loading reaches certain value, the screening effect of UV light by catalyst powders arises, which leads to the decrease of MO degradation efficiency.
Effect of H 2 O 2 Concentration on Photodegradation Efficiency of MO
Since the concentration of hydrogen peroxide i d to the amount of hydroxyl radicals pr the catalytic reaction, this parameter influences degrada- , the degradation rate of MO decreased. This was not consistent with our prediction. We postulate that too much H 2 O 2 is absorbed on the surface of catalysts, impeding adsorption of MO molecular on such surface, and lowering degradation efficiency. At the same time, excessive H 2 O 2 serves as a scavenging agent of •OH with the mechanism shown in follow [22] .
Recycles of β-FeOOH Catalyst
oad pH range ctivity, should (9) A good photocatalyst, in addition to its br of application and high photocatalytic a exhibit better capacity for multiple uses. Here, four experiments of the photocatalytic regenerability of β-FeOOH, synthesized at 90˚C, was conducted by a series of systematic experiments and results were presented in Figure 8 and Table 1 . After each photocatalytic cycle, the β-FeOOH catalyst was directly centrifuged and entered into the next photocatalytic cycle without any other post treatment. As seen, the experiment data were well fitted by the pseudo first-order kinetics with regression coefficients higher than 0.990. After 4 times photocatalytic cycles, the time required to complete degradation of methyl orange increased from 60 minutes to 80 minutes. The catalytic performance of the β-FeOOH was basically close to the level of the first trial, which indicates the reuse of the β-FeOOH is cost-effective because the Fen- . Figure 9 displays the degradation efficiency of MO facilitated by the samples prepared at 70˚C, 90˚C, and 110˚C. Obviously, the catalytic activity of the prepared β-FeOOH for MO degradation is β-FeOOH formed at 70˚C  90˚C  110˚C. Considering the particle size of the prepared β-FeOOH at different temperature (see Figure  2) , it is found that the ability of the prepared β-FeOOH in improving MO degradation decreases with the increase of the sample particles sizes. As mentioned earlier, adsorption of organic compounds on catalyst surface is found to play a key role in heterogeneous catalytic process. Therefore, the specific surface area of β-FeOOH is one of important factors influencing the degradation of MO by the heterogeneous Fenton reaction. Generally, the less the particles size the higher the specific surface area. The specific surface areas of samples prepared at 70, 90 and 110˚C were determined to be 60, 49, and 31 m 2 ·g −1 , respectively. Thus, it is clear that an increase of the specific surface area of β-FeOOH is favorable for the enhancement of the heterogeneous photocatalytic performance. This result is accordance to the conclusion drawn from the Fe 2 O 3 photocatalyst [23] . Figures 10(a) and (b) , it is found that degradation efficiency of MO facilitated by the prepared β-FeOOH decreased with the increase of the urea concentration in reaction solution. Based on Equations (4) and (5), the growth rate of β-FeOOH nanorods became fast with the increase of the reaction solution pH value. However, the pH value of the reaction solution increased with the in- crease of the urea concentration (as sh n in Equations fa tion, which would lead to the rapid decrease in the specific surface area and the heterogeneous photocatalytic performance deterioration of the prepared β-FeOOH samples.
Conclusion
By using thermal route, akag prepared successfu cipitant. β-FeOOH catalysts loading, H 2 O 2 concentration and initial pH have an important effect on the degradation efficiency of MO azo dye. The catalytic activity of the synthesized β-FeOOH is also closely related to the morphology of the synthesized nanostructures that is regulated, to a great extent, by the synthesis conditions including reaction temperature, initial concentration of urea and FeCl 3 ·6H 2 O as well as molar ratios of urea to Fe 3+ . It was shown that an increase of the specific surface area of β-FeOOH is favorable for the enhancement of the heterogeneous photocatalytic performance. The prepared β-FeOOH catalyst can overcome the drawback of a narrow pH range of homogeneous Fenton reaction, show good photocatalytic performance for multiple uses, and offer opportunities for practical applications in heterogeneous photocatalysis process.
